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SUMMARY 


The investigation wnich is the subject of this 
toesis was undertaken to examine the mixing of eae heated 
air Jet pulsating at resonant frequency with a cold 
coaxial secondary jet. 

Lt was desired to obtain results comparable with 
other investigators and, if possible, extend the field 
somewhat. 

The results indicate that too great a step for- 
ward from known relations was attempted. 

The experimentation incident to this thesis was 
carried out in the Gas Turbine Test Cell of the Mechan- 
ical mngineering Department of the University of Minne- 


sota.e 








INTRODUCTION 


This project was undertaken to examlne experimental- 
ly the velocity mixing of a hot pulsating alr jet anda 
steady cold coaxial secondary jet. wWuch research, both 
analytical and experimental, has been done in jet mixing, 
but iittle has been done on three dimensional coaxial jets 
and less on such configurations with a temperature differ- 
ential. C. J. Burton in his Master's Thesis (1) experi- 
mentally determined the velocity mixing of an air jet pul- 
sating at low frequency in a steady secondary air stream 
with no temperature difference between the two. It was 
felt that increasing the pulsations of the primary stream 
to approximetely 20 cycles per second and at the same time 
elevating its temperature considerably above that of the 
secondary stream would approach in some measure certain 
of the conditions known to produce resonant effects in 
combustion chambers (2). 

iven a casual study of the mixing problem reveals 
that basic knowledge in the field is limited. One funda- 
mental requirement for the complete solution of the prob- 
lem would be a thorough understanding of free turbulence 
and tne mechanism of turbulent diffusion. Such under- 
standing does not at present appear readily obtainable 


(3,4). However, certain phases of the general problem 








open to experimental solution present themselves. It is 
certain that better knowledze of the phenomena incident 
to tne mixing of coaxial jet streams would not only find 
application in the realm of combustion chamber design but 
also in that of thrust augmentors, jet pumps and mixing 
tanks. 

As mentioned, considerable work has been done on 
jet mixing but relatively little of this has been concern- 
ed with coaxial jets with secondary flow. Shapiro and 
Forstall (5) sive an extensive bibliography on the entire 
subject. They found that the analytical method of Squire 
and Trouncer (6) is at present the only practical approach 
to this phase of the problem. These investigators checked 
Squire and Trouncer's results experimentally and found 
that, in the main, they give a correct over all picture 
of tne mixing process. 

Ribner (7) gives an approximate solution for a 
variable density round jet in a moving medium by empirical 
generalization of the method of Squire and Trounder. He 
states that the local censity in the hot jet will be some 
variable fraction of the free strean density. He assumes 
that the ratio of the temporature at any point in the hot 
jet to the free stream tempsrature is proportional to the 
ratio between the hot jet velocity at that point and the 
free stream velocity. It is pointed out, however, that 
the momentum transfer theory indicates such a distribution 


only follows when temperature differences are so small 
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that density changes and heat bransfer by radiation can be 
neglected. Admittedly, the temperature differences were 
not small in wibner's investigation. 

Cleeves and Boelter (8) conducted experimental in- 
vestigations of a non-isothermal air jet with an initial 
temperature of 1200°F. and without a secondary air stream. 
Their results correlated satisfactorily with the analytic 
determinations of others for radial velocity and temperature 
distributions. These authors give a resumé (to 1947) of 
work in the field of non-isothermal jets. Prandtl, Toll- 
mein and Kuethe (9,10,11) developed analytic approaches 
using the momentum transfer theory. Taylor, Howarth and 
Timotika (12,13,1)) approached the problem by the modified 
vorticity transport theory. Lin (15) solved it by assum- 
ing constant shear. Analysis based on the momentum trans- 
fer theory results in velocity and temperature distributions 
that are similar since tne differential equations arrived 
at in each case are similar. Those using the vorticity 
transport theory, however, give the qualitatively correct 
result that heat diffuses more rapidly than momentum. 
Corrsin and Uberoi (3) confirm this statement. 

If the results of Cleeves and Boelter for non- 
isothermal free jets and those of Shapiro and Forstall for 
coaxial isotherial jets can be combined and applied to the 
present case, it may be conjectured that the potential core 
length for a non-isothermal jet with coaxial secondary flow 


is somewhat greater than that found by the former. 








The preceding brief sumary of ehat is known Ayes 
jet mixing clearly indicates that the ume 
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EQUIPMENT AND rROCL DURE 


The basic measuring instrument used in these tests 
was a stainless steel total head tube of tne kiel type with 
a total head opening .0625 inches in diameter and venturi 
entrance of .37 inches in diameter. Hounted as nearly aft 
of the venturi discharge as could be managed without touch- 
ing the metal of ths tube was a bare bead Lron-constantan 
thermocouple. This bead was estimated to have had a mean 
position of about one-half inch aft of the entrance to the 
total head tube. Temperature measurements as recorded, 
therefore, were actually for X/D stations one-half inch 
greater than those for which dynamic pressure heads were 
read. 

The kiel tube was mounted in a packing gland screw- 
ed into a metal plate which in turn was secured by four 
thumb screws to a laterally movable plate in tne side of 
the test duct. This allowed lateral and transverse motion 
of the kiel tube so that all sections of the flow could be 
reached. Centering the tube at a Y/D position of zero for 
each successive traverse was obtained by making electrical 
contact between the head of the tube and nichrone wire 
centered ten diameters upstream in the primary air tube 
and then secured to across piece at the far end of the 


test duct. 








Pressure: recorded by dime kiel tube and static 
pressure tap of one-eighth inch diameter drilled into the 
lower portion of the movable test plate were differentially 
combined and translated into an electricai impulse by a 
Statham Low Range Pressure Transducer. ‘the kiel tube and 
the static pressure tap were connect.d to the Stathan Gage 
by rubber tubing of as short a length as could conventently 
be arranged. 

the electrical impulse of the Statham vage was led 
by a shielded cable to the Brusn Model 310 Strain Analyzer. 
tiere it was amplified in accordance witn the scale factor 
set by the operator and sent to one of tne pens of a two 
pen Brush Magnetic Oscillosraph. It was recorded as trace 
on the moving paper roll. 

The primary air used in this investigation was ob- 
tained from tne buildings compressed air supply. This air 
was connected directly to a surge tank, tnence to a meter- 
ing orfice and another surge tank, next to a combustion 
chamber and finally, to a butterfly pulsator valve and dis-~. 
charge. All primary air lines were two inch pipe until after 
the butterfly valve where the line was smoothly reduced to 
a one inch brass discharge pipe. 

The combustion chamber was of simple construction. 
it was a rectangular stainless steel box approximately 
fourteen by four inches. About one-third the lengtn down 
strean from the entrance was fitted a transverse three 


quarter inch iron pipe with five drill holes located in the 








downatream face. Acetylene at about four to five pounds 
per square inch pressure was introduced into this pipe and 
the mixture initially isnited by a spark plug located on 
the top of the chamber about three inches downstream from 
the acetylene discharge. Discharge temperatures for the 
primary air were held essentially constant by adjusting 
the acetylene flow as dictated by the temperatures record- 
ed by an Llron-constantan thermocouple located ten diameters 
upstream from tne primary air discharge. 

Secondary air was furnished by a blower driven by 
a Lycoming Tank Engine. it was led from the secondary air 
mainfold to a surge tank through a six ineh pipe fitted 
with a metering orfice. It was discharged from the surge 
tank to the test duct by a rectangular converging nozzle. 
Before entering the test duct, it passed through an 
eighteen mesh copper screen. 

The butterfly valve in the primary sir lines was 
Griven by a half horse power electric motor through a vari-~ 
able spsed drive. The shaft of the butterfly was fitted 
with an eccentric which litted breaker points just as the 
valve wss closing. These points were connected in series 
with a six volt battery and a Brush Amplifier. The output 
of this amplifier fed the second pen of the Brusn Oscillo~ 
sraph and caused a vee-shaped notch to appear on the paper 
roll eacn time the valve closed. 

Temperatures for the measuring orfices in the air 


supply lines, the control temperature of the combustion 








chamber discharge and the ———e of the flow at the 
klel tube position were all measured by iron-constantan 
thermocouples. A selector switcn arrangement made possible 
the reading of these temperatures ona direct reading 
Brown rotentiometer Pyrometer or a more accurate Leeds and 
Northrup Protentiometer indicator. 

A schematic sketch of tne essential elenents of 
the test equipment is given in Fig. 1. Photogranns of the 
lay out are given in Pigs. 2, 3, . and 5. 

Makins the runs required three men. One man was 
stationed outside the test cell at the test panel, con- 
trolling the speed of the tank engine and thus the mags 
flow of secondary air. Tne second man cnecked the meter- 
ing orfice manometers to insure constant air supply at the 
desired mass flow and also made and recorded all temperature 
readings. The third man located the kiel tube at tne de- 
sired positions and operated the Brush Recording apparatus. 
On his "mark" of being in position, temperature and dynamic 
pressure readings were made virtually simultaneously. 

Two runs were made, one with and one without the 
butterfly valve in operation. VUDuring the run when the 
valve was operating the speed of the valve shaft was set 
at 1968 R?ii which had previously been determined as the 
resonant frequency of the system (16). This speed was 
set and maintained by mevuns of a strobotactomster and ap- 


propriate marks on the valve drive shaft pully. 








RESULTS AND DISCUSSION 


The data resulting from the two runs made are pre- 
sented in Tables [I througn IV. Tables I and II list the 
dynamic pressure, temperature and velocity of each point 
meusured in the steady flow case. Tables III and LV give 
the same information on the pulsating flow case with the 
addition of the dynamic oressure and velocity of the ampli- 
tude of pulsation. 

On first reducing the data a discrepancy in velo- 
cities was noted. The mass flow for tne primary and sec-~ 
ondary alr had been set so as to give 160 and 80 feet ver 
second respectively at the expected discharge temperatures. 
The observed velocities exceeded tnese values by as much as 
hO feet per second. The cause of this wide variance is the 
extreme non-linearity of tne temperature profiles. HKefer- 
ing to Table I, at an X/D position of zero,it is seen that 
across the half inch radius of the primary air discharge 
pipe the temperature varied almost Loo°r. This was most 
unfortunate, and made any direct comparison with work of 
other investigators difficult. S. Corrsin and WM. S. Uberoi 
(1) particularize the manner in which they obtained a 
linear temperature profile for thelr investigation of a 
heated air jet. W. Forstall and A. H. Shapiro (6), while 


working with isothermal jets, took precautions to insure 
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lineer velocity profiles for their entrance alr. i. A. 
Robie (16 - Master's Thesis, University of Minnesota, 

1952) using the sane apperatus as described here, but work- 
ing with isothermal jets, obtained reasonable linearity for 
his velocity profiles. 

As a first attempt to reduce the data to usable 
form, dynamic profiles for eacn station traversed were 
drawn. Fig. 6 is a sketch of six of these profiles, three 
from each run, at X/D's of 0, 5.0 and 12.0. Dynamic pressure 
was selected as a promising starting point as it is a comb~ 
ination of density and velocity variables of the flow. 

uxamination of these q profiles shows rather mark- 
ed differences between tne steady and the pulsating flow. 
At an X/D of zero, the pulsed flow has a definite tendency 
to concentrate the flow energy along the Y/D equal zero 
axis. At succeedins downstream stations, the pulsed flow 
does not appear to reach a near linear distribution of 
dynanic pressure as rapidly as does the steady flow. It 
was conceived that a linear q distribution would represent 
the final, complete mixing of the two streams. That is to 
say, the station ut and after which the density, velocity 
and temperature respectively have equal valuss across the 
flow, would also have a linear distribution of dynamic 
pressure. 

Since the flow investisated possessed variable 
density and velocity, one means of averaging these variables 


at a given station to get a result meaningful in fluid flow 
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would be to write an expression for the momentum of a fix- 
edi core of the fluld at a given station in terms of tnese 
variables. 

The expression writtsn was: 

MV = 2 @gA 

Where gq represented the dynamic pressure at succes- 
Sive radial distances from the centerline and 4 represented 
the annular area at eacn successive position. The manner 
or arriving at this result is shown in the Appendix. 

The besic data obtained in this investigation was 
the dynaslc pressure at various points in the flow. 

It would appear that if mixing occurred, successive 
stations of a constant core of the fluid would lose momentum. 
Furthermore, this loss should be an indication of the degree 
and rate of mixing. 

Momentea for a one inch corsa of the flow, which rep- 
resented the primary discharge at 4/D equal to zero, and 
for a 2.4 inch core, which included tne outward limit of 
dynamic pressures determination at most stations, were com- 
puted for both the steady and the pulsed flow. The results 
are plotted in Figs. 7 and $8 as the dimensionless ratio of 
the momentum of the station to the momentum at discharge 
against axial distance. 

It will be noted that the slopes for the small core 
are steeper than for tne larzer core. It is evident tnat 
if a simllar process had been carried out for the entire 


width of the flow that no change in momentum would result 
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at successive axial positions _ that tne slope of such a 
plot would be a vertical line with a ratio value of one. 
The observed increase of slope with core diameter is thus 
explained. 

Since there is no basis for expecting a momentum 
increase ut increasing X/D positions for the steady flow 
case, ratio values in the region between X/D equal one and 
5.0 can be expected to be close to one. It will be noted 
that in both plots of the steady flow the ratio appears to 
break away at station 5.0. This behavior could be explain- 
ed in the incompressible flow case as a result of the end- 
ing of the potential core. A momentum ratio plot applied 
to such conditions would probably show that a change in the 
rate of momentum decrease would result after the influence 
of the undisturbed primary velocity had vanished. Such an 
investigation is suggested as a subject of possibise interest 
for further study. 

Soth Pig. 7 and Fig. 3 show the rather unexpected 
result that the momentum for the pulsating flow in the 
cores chosen for study increased for some distance beyond 
the discharge area before it begins a regular rate of de~ 
crease. This effect is much stronger in the smaller core, 
which corresponds to the primary air discharge. The pulsa- 
tions were initiated in the primary air. This suggests a 
possible inflow of secmdary air into the prinary core 
region at stations near the discherge nozzle where the pulse 


effects were strong. 
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It is difficult to draw conclusions from the rela- 
tive slopes of these curves. For tne one inch core, the pul- 
sed flow indicates a more rapid rate of decrease in momentum 
after the point has been reached where the momentum has 
stopped increasing. For the 2.3 ineh core the slopes ap- 
pear nearly parallel. It is realized that a ereat many 
more points would be required to demonstrate beyond ques- 
tion which of the two flows exhibits more rapid mixing us~ 
ing the present method. 

Figs. 9 and 10 represent dimensionless centerline 
velocity and temperature plots of the two flows investigated. 
These curves are far removed from those of such investigat- 
ors aS Shapiro and Forstall. Again, the excessive departure 
from non-linearity of the initial velocity profiles is be- 
lieved to be the cause. The extreme scatter of points for 
the pulsating case is suspected to have resulted from con- 
siderable transverse flow from tne secondary air when the 
butterfly valve was closed. These figures do suggest short- 
er "potential" cores for temperature than for velocity in 
both flows, a fact established by other research. 

It was also desired to investigate the behavior of 
the pulse as it traveled the length of the duct. Fig. 11 
represents the centerline amplitude decay and the dimension~ 
less centerline temperature drop for the pulsed flow. The 
amplitude decay apparently shows a considerable change in 
rate after station 12.0. Pulse amplitudes beyond this 


point were variable and difficult to read, however, and 








such a change may be only £Limeeeerre it is interesting 
to note that this decay of pulse amplitude 1s very much 
higher, on tne order of four times, than that found by 

&. A. Robie (16) in a similar investigation of isothermal 
jets. 

It was considered worthwhile to check the dimen- 
Sionless velocity profiles of the fully developed mixing 
region. The resulting points were very badly scattered, 
and did not tend to follow either the cosine curve, the 
probability curve or the three halves power curve. They 
are not reproduced here. 

It was ovident from the recordings taken that a 
shift in phase of tne pulses occurred on a longitudinal 
traverse of the test duct. The manner in which the data 
was recorded, however, made a quantitative measure of 


this phase shift impractical. 








CONCLUSIUNS AND RECOMMENDATIONS 


1. It is concluded in accord with other investigators 

that the thermal potential core is shorter than the velocity 
potential core for both steady and pulsating coaxial non- 
isothermal air jets. 

2. The methods of reducing the data of tine present investi- 
gation furnish a basis for compuring the twe types of flow 
studied. 

3. The present investigation indicates that pulsating 
primary air jet probably mixes more rapidly with the steady 
secondary air than doss a steady primary jet. 

4. A phase shift occurs in pulsation along tne centerline 
as the flow progresses. 

5S. An investigation similar to the present, but with be- 
ginning linear temperature and velocity profiles, would 
yield results more readily comparable with previous work. 

6. An investigation with non-linear beginning profiles but 
based on data from considerably more transverse stations 


would be of interest. 
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